A511::luxAB is a recombinant derivative of a broad-host-range bacteriophage specific for the genus Listeria, transducing bacterial bioluminescence into infected cells. In this study, we have evaluated its use for rapid and easy testing of contaminated foods and environmental samples for the presence of viable Listeria cells, in comparison to the standard plating procedure. With a short preenrichment step of 20 h, the system was capable of detecting very low initial contamination rates in several foods artificially contaminated with Listeria monocytogenes Scott A cells. In ricotta cheese, chocolate pudding, and cabbage, less than one cell per g of food could be clearly identified by comparing the light emission of phage-infected samples to that of controls without lux phage. In foods having a large and complex microbial background flora, such as minced meat and soft cheese, at least 10 cells per g were necessary to produce a positive bioluminescence signal. Of 348 potentially contaminated natural food and environmental samples, 55 were found to be Listeria positive by the lux phage method. The standard plating procedure detected 57 positive samples. Some differences were observed with respect to the individual samples, i.e., the lux phage procedure detected more positive samples among the dairy products and environmental samples, whereas the plating procedure revealed more contaminated meat and poultry samples. Overall, both methods performed similarly, i.e., were equally sensitive. However, the minimum time required for detection of Listeria with the luciferase phage assay was 24 h, which is much shorter than the 4 days needed by the standard plating method. Furthermore, a most probable number technique with three parallels, based on the use of A511::luxAB for differentiation of positive and negative tubes, is described. The method enables rapid enumeration of low levels of Listeria cells in several foods tested, against the background of a competing microflora.
Listeria monocytogenes is an important pathogen, whose transmission by contaminated food is widely recognized (8) . The currently adopted microbiological culture method for detection of Listeria in foods (International Dairy Federation [IDF] Standard 143A:1995) requires a minimum of 4 days to obtain a first result regarding the possible presence of the organism in a given sample. Considering the limited shelf lives of many of the implicated food items (dairy products, meats, vegetables, and desserts), there is a need for more rapid screening and detection methods. Several procedures have been developed to date, based on nucleic acid hybridization (3, 7) (Gene Trak Listeria [Gene Trak Systems]), nucleic acid amplification (1, 20, 22, 24, 25) , and antibody specificity (5, 9) . We have recently developed a novel method for rapid detection of viable Listeria cells, based upon a luciferase reporter bacteriophage (15) . A511 is a virus specifically infecting cells of the genus Listeria. It lyses approximately 95% of L. monocytogenes strains belonging to serovars 1/2 and 4 (11, 14, 23) , which were found to be responsible for most, if not all, cases of human listeriosis (8, 10) . A modified bacterial luciferase gene, encoding a fusion of the ␣ and ␤ subunits of Vibrio harveyi luciferase, was inserted downstream of the major capsid protein gene (cps) of A511, under the control of the strong and specific P cps promoter (16) . Following infection of Listeria host cells and expression of the A511 late genes, luciferase is synthesized. Exogenous addition of oxidizable aldehyde substrate leads to immediate light emission, which can be measured and quantified with a luminometer. With this system, as few as 500 to 1,000 cells per ml of pure culture can be detected within 2 h (15). However, recovery and subsequent detection of very low levels of listeriae from foods require a preenrichment step, to resuscitate and elevate numbers of the target cells to detectable levels. The aim of this study was to evaluate the performance of A511::luxAB for rapid and reliable detection of Listeria cells in several artificially and naturally contaminated food and environmental samples, in direct comparison to the standard plating procedure. Also, a procedure in which the lux phage is employed for a rapid enumeration of Listeria host cells in foods, by using a modified most probable number (MPN) technique, was developed.
MATERIALS AND METHODS
Bacteria, bacteriophage, and culture conditions. L. monocytogenes strains Scott A (serovar 4b) and WSLC 1001 (ATCC 19112) (serovar 1/2c) were used in this study. They were grown in brain heart infusion (BHI) medium (Oxoid) at 30°C.
The recombinant bacteriophage A511::luxAB was propagated as previously described (15) , with the following modifications. Phage particles from a 4-liter batch culture lysate were precipitated with polyethylene glycol 8000 (Sigma) (26) , resuspended in 200 ml of SM buffer (19) , and extensively dialyzed (48 h, 4°C; Spectra-Por 6 dialysis tubing, cutoff of 50 kDa [Spectrum]) against 4 liters of a 1:1 mixture of BHI broth and SM buffer. Residual luciferase from the primary lysate was inactivated by heat treatment (30 min, 37°C), and the titer of the phage preparation was determined on double-layer agar plates as described elsewhere (14) . Compared to the tangential flow filtration method applied previously (15) , this method yielded preparations of a higher titer (between 4 ϫ 10 10 and 6 ϫ 10 10 PFU/ml). Finally, phage preparations were adjusted to 10 10 PFU/ml and stored at 4°C until use.
Naturally contaminated food samples. Meat and poultry samples were purchased at different local supermarkets. The various dairy products (soft cheese, semisoft cheese, cream cheese, and cheese spreads) and dairy plant environmental samples were sent to this laboratory for testing for the presence of pathogenic microorganisms, including Listeria. These dairies were known to have problems with recurring Listeria contaminations. All samples were analyzed by the IDF standard procedure and the luciferase reporter phage assay as described below.
Artificially contaminated food samples. All samples (see Table 1 ) were purchased at local retailers. Each sample (approximately 1,000 g) was aseptically divided into portions of 100 g each, packed into sterile polypropylene plastic bags, and, if applicable, immediately frozen at Ϫ70°C. One bag of each food item was then thawed and tested for the presence of listeriae (i.e., natural contamination) by the IDF procedure as outlined below. Samples that were negative by this method were considered for the trials with artificially contaminated foods. Remaining bags were then thawed and homogeneously mixed with 1 ml each of appropriate decimal dilutions of a log-phase culture of L. monocytogenes Scott A (including uninoculated controls), to obtain the initial contamination rates as shown in Table 1 . Samples were then stored at 4°C for 3 days, to simulate more realistic conditions. After that, they were analyzed in parallel by the standard IDF culture method and the luciferase reporter phage assay as described below. In the lux phage assay, samples were tested after 20 and 44 h of selective enrichment culture, to evaluate the influence of incubation time on the sensitivity of the assay.
Standard procedure for detection of Listeria. This was carried out as described in the IDF Standard 143A:1995. Test samples (25 g each) were added to 225 ml of selective Listeria enrichment broth and homogenized with a stomacher laboratory blender. After 44 h of incubation at 30°C, one loopful (approximately 10 l) was streaked onto selective Oxford agar plates, followed by further incubation for 48 h. Listeria colonies could be identified by their characteristic appearance on this medium. Confirmatory tests, where applicable, were done as described elsewhere (IDF standard).
Detection of Listeria cells with luciferase reporter bacteriophage assay. Preliminary experiments (15) indicated that, at low contamination densities, a prior selective enrichment step is necessary to elevate numbers of target organisms to detectable levels. The enrichment culture from the IDF standard method was used for this purpose. Samples of 1 ml were removed from the enrichment cultures at the indicated time points (20 or 44 h), transferred to 4 ml of 0.5ϫ BHI broth, and incubated at 30°C for 2 h. Then, duplicate 1-ml portions of each sample were mixed with 30 l of phage suspension (3 ϫ 10 8 A511::luxAB particles), which was predispensed into clear polystyrene tubes (75 by 12 mm; Sarstedt) suitable for the luminometer. For expression of phage-encoded luciferase, samples were then incubated at 20°C for 140 min, before bioluminescence was measured in a photon-counting, single-tube luminometer (Lumat LB 9501/ 16; Berthold). Following injection of 50 l of 0.25% nonanal (Aldrich) in 70% ethanol, light emission was determined with a 0.5-s delay and the output was integrated over a 10-s period. Results are expressed in relative light units (RLU), as a mean value from the duplicate tubes. The standard deviation was in the range from 0 to 10%. Negative controls, i.e., samples without lux phage added, yielded between 80 and 600 RLU. A sample was considered positive for Listeria when the phage-infected tube yielded RLU at least 100 above the background level indicated by the negative control.
Luciferase phage-based MPN method. Listeria-free samples of four different foods (see Table 3 ) were thawed and spiked with low numbers of L. monocytogenes Scott A. Then, 25 g was removed from the bags and homogenized in 225 ml of Listeria enrichment broth. Further decimal dilutions were made in flasks containing 90 ml of broth, up to 10
Ϫ6
. For an MPN assay with three parallels, 3 ϫ 10 ml of each dilution was then pipetted into separate tubes and incubated at 
a Number of plus signs indicates light emission (in RLU): ϩ, up to 1,000 RLU (at least 100 RLU above background without lux phage); ϩϩ, up to 10,000 RLU; ϩϩϩ, more than 10,000 RLU.
b Number of plus signs indicates number of typical Listeria colonies on selective Oxford agar: ϩ, 1 to 10 colonies; ϩϩ, 10 to 50 colonies; ϩϩϩ, more than 50 colonies.
30°C. After 20 and 44 h, 1 ml of each tube was removed and further handled for bioluminescence measurement as described above. Positive samples, i.e., tubes that initially contained at least one viable Listeria cell, could be readily identified by the assay. Determination of the initial cell count was done by using a standard MPN table for three parallel tubes (18) .
RESULTS
Detection in artificially contaminated food samples. The results obtained by using a rapid, Listeria-specific luciferase reporter bacteriophage assay in comparison to the standard plating method for detection of different levels of L. monocytogenes Scott A in various foods are presented in Table 1 . With few exceptions, both methods performed similarly, i.e., they permitted reliable detection of Listeria cells at low levels. The shortened enrichment (20 h) used in the luciferase phage assay was sufficient to detect the contamination in most of the tested foods, within a total assay time of approximately 24 h. In some cases, however, clearer results were obtained after 44 h of selective enrichment. It is evident that recovery of Listeria (with both methods) was somewhat influenced by the implicated food sample, i.e., some foods (ricotta cheese, chocolate pudding, and cabbage) permitted excellent survival and recovery at very low initial contamination rates (down to 0.1 cell/g), while others (minced meat and soft cheese) did not allow positive identification at initial densities of less than 10 cells/g.
Light output in the lux phage assay measurement was also influenced by the type of food investigated. Figure 1 shows the different levels of photon emission obtained with three foods at different contamination densities. Camembert soft cheese produced the highest background and a comparatively low increase in bioluminescence with increasing contamination, while milk and cabbage showed low background values and high maximum light emission. Naturally contaminated food samples. A total of 348 food and environmental samples were tested for the presence of Listeria cells by the lux phage assay and the standard plating method ( Table 2 ). Of these, 55 samples were found to be positive with the lux phage method, and 57 samples yielded a positive result with the plating method. With respect to the individual samples, results were slightly different: while the standard procedure yielded more Listeria-positive results among the meat and poultry samples, the luciferase phage was able to detect more contaminated samples among the dairy products and environmental samples.
Use of the luciferase reporter phage for a rapid MPN method. Four selected foods were spiked with different, known levels of L. monocytogenes Scott A cells. They were then subjected to cell enumeration with a modified MPN procedure, employing A511::luxAB for determination of Listeria-positive (Table 3 ) are in good agreement with the initial contamination rates. There was no difference in cell counts after 20 or 44 h of selective preincubation, except for minced meat, for which counts were slightly higher after the prolonged incubation time.
DISCUSSION
Detection of potentially pathogenic Listeria cells in foods by the standard plating method is a time-consuming procedure, with first results being available after 4 days. There is a demand for more rapid methods to declare a product free of viable Listeria cells, within 1 or 2 days. Various PCR-based techniques, which were reported to have detection limits between 1 cell/30 ml of milk (20) and more than 10 8 cells per g of soft cheese, have been developed (24) . A novel, extremely rapid method, based on a piezoelectric quartz crystal biosensor, detected the presence of 3 ϫ 10 5 Listeria cells in less than 15 min (17). However, these methods often have sophisticated procedures and, therefore, can hardly be used for testing large numbers of food samples in the routine laboratory. A preenrichment step is necessary in all procedures to elevate numbers of target cells to detectable levels. Therefore, the minimum time required for any procedure is at least 1 day but may be more, depending on the downstream protocol.
In the artificially contaminated foods tested with the luciferase reporter bacteriophage assay described herein, the detection limit for L. monocytogenes was dependent on the individual food item. Foods with a large endogenous microflora, such as minced meat and soft cheese, inhibited detection in samples inoculated with less than 10 cells/g. This effect was observed with both methods applied here. Therefore, the decreased sensitivity of the lux phage assay in these foods is probably not due to a light-quenching effect. More likely is the inhibitory action of the competing microflora on development of the Listeria population. The negative influence of food components has also been reported for PCR-based detection systems, in which certain food constituents strongly inhibited the enzymatic amplification reaction (2, 24) .
For the naturally contaminated food samples, slightly different results were obtained with the two procedures. Among the poultry samples tested, the plating method revealed seven more positive samples than did the lux phage assay. Further biochemical testing revealed that, of these isolates, five were Listeria innocua and two were L. monocytogenes. These seven strains were insensitive to A511::luxAB infection and thus could not be detected in the assay. The same was found for the one strain recovered by the plating method from raw meats, i.e., a phage-resistant L. innocua strain. These limits (false negatives) could possibly be overcome by the breeding of phage mutants able to infect the few L. monocytogenes strains which are yet insensitive to this virus. A511 adsorbs to the Listeria peptidoglycan structure, which also explains its wide host range within this genus (23) . Therefore, the rare insensitivity to A511 is probably not due to lack of a phage receptor, but is caused by other cellular or genetic mechanisms, which are more likely to be circumvented by mutated phage.
In contrast, the lux phage assay indicated two additional Listeria-positive samples among the tested dairy products and four additional positives among the environmental samples, compared to the standard plating method. These results could not be confirmed by the culture method, since we were unable to isolate Listeria from the selective Oxford agar plates used here. A possible explanation for this is that some Listeria strains are inhibited by the selective agents used in most isolation media and do not form colonies on these agars (6, 13) . However, luciferase expression mediated by A511::luxAB is strictly dependent on the presence of Listeria cells, which must be viable. Heat-inactivated cells yield no signal. Also, the phage is specific for Listeria cells, unable to infect any other of a large panel of tested strains belonging to both gram-positive and gram-negative genera (11) . Unspecific light emission can also be due to contamination of the sample with naturally bioluminescent organisms: one of the shrimp samples tested here for suitability in the experiments with artificially contaminated foods produced luminescence in the range of several thousand RLU (data not shown). However, light was emitted in equal intensities from both the control and the phage-infected sample, with no further increase upon injection of the aldehyde. Therefore, this sample was readily identified as Listeria negative. Instead, this result strongly suggested that the sample was naturally contaminated with a (probably marine) bioluminescent organism, producing a strong background bioluminescence. In conclusion, it is unlikely that the lux phage system could yield false-positive results with respect to the presence of Listeria cells. Nevertheless, it is still unclear whether the presumptive listeriae identified in the environmental samples by the lux phage were potentially pathogenic L. monocytogenes or other, nonpathogenic strains. In these cases, a species-specific PCR-based differentiation system (4) could be useful to further investigate samples positive in the lux phage assay. Another possibility is the combination of specific cell capture by antibodies and subsequent lux phage-based cell detection. This approach is currently being investigated. However, the detection of Listeria species other than L. monocytogenes could also be useful for certain applications of the test. Because L. innocua especially is very closely related to L. monocytogenes (8, 10) , it is regarded as a good indicator for the possible presence of the latter pathogenic species. Therefore, the lux phage method may be especially applicable for environmental samples, for detecting and eliminating sites of Listeria contamination (11) .
The lux phage-based MPN method described here enables rapid enumeration of Listeria cells in a variety of foods. The method is simple, yields reliable results, and is suitable for automation in a microtitration plate format. It is useful for all applications in which direct plating for determination of cell count is not feasible, i.e., samples with a strong competing microflora, which can overwhelm the selective agents and mask Listeria colonies (6) . Even more accurate results could be ob- tained by using a procedure with five parallel tubes, as has been used for the enumeration of Salmonella typhimurium cells with a luciferase derivative of phage P22 (21).
In conclusion, this luciferase reporter bacteriophage system enables rapid and inexpensive screening of foods and environmental samples for the presence of viable Listeria cells. It is specific, since the A511 virus infects only Listeria cells, and yields only few false negatives, because the phage can infect the majority of L. monocytogenes strains (11, 12, 14) . This study shows that this system yields results which are comparable to those of the IDF standard plating procedure. However, the speed of the lux phage assay cannot be matched by the classical culture method; first results are available after approximately 24 h. Samples that yield positive bioluminescence signals can then be further investigated for colony isolation, species differentiation, and typing of the Listeria strains, if required.
